The present study compared the cognitive and mood effects of two commercially available products, Red Bull energy drink 250 mL and Red Bull Sugarfree energy drink 250 mL, together with a matching placebo 250 mL. Twenty-four healthy young volunteers took part in a randomised, placebo controlled, double-blind, three-way cross-over study. Cognitive function was assessed using an integrated set of nine computerised tests of attention, working and episodic memory. On each study day the volunteers received a standardised breakfast prior to completing a baseline performance on cognitive tests and mood scales, followed by the consumption of the study drink. The cognitive tests and scales were then re-administered at 30, 60 and 90 min post-dose. Red Bull was found to produce significant improvements over both the Sugarfree version and the placebo drink on two composite scores from the six working and episodic memory tests; one combining the 12 accuracy measures from the six tasks and the other the average speed of correct responses from the working memory and episodic recognition memory tasks. These improvements were in the range of a medium effect size, which reflects a substantial enhancement to memory in young volunteers.
Introduction
As Ishak et al. (2012: 25) wrote: 'Energy drinks are a group of beverages used by consumers to provide an extra boost in energy, promote wakefulness, maintain alertness, and provide cognitive and mood enhancement'. Of the various commercially available products, the Red Bull (RB) energy drink has for many years been by far the most widely sold energy drink or shot worldwide (www.caffeineinformer.com/the-15-top-energy-drink-brands). It has also been the most widely researched of the various products available. RB in the original serving size of 250 mL contains caffeine (80 mg), taurine (1000 mg), B-group vitamins (B3, B5, B6, B12) and glucose (27 g).
The ingredients of RB, particularly caffeine and glucose, would be expected to produce positive effects on various aspects of cognitive function, and some evidence of such effects has previously been detected. Alford et al. (2001) studied the effect of RB (250 mL) in 12 healthy volunteers (aged 18-21 years). Compared to a dummy energy drink of quinine-flavoured carbonated water with no added sugar, 30 min after consumption immediate word recall performance was significantly improved as was performance on a number cancellation task. Gendle et al. (2009) compared the effects of RB (250 mL), RB Sugarfree (RBSF) and placebo in 34 young volunteers (aged 18-22 years) on the performance of the 14-minute computerised Connors Continuous Performance Test II, which began 30 min after consumption. A parallel group design was used, each group having one of the RB products, with a cross-over to the placebo product. There were no statistically significant differences compared with placebo on any of the four accuracy and speed measures from the test. Kammerer et al. (2014) compared RB (250 ml), a placebo drink, and drinks containing either caffeine (80 mg) or taurine (1000 mg), or both, on the performance of cognitive tests in 14 healthy volunteers (aged 18-21 years). Testing involved two cognitive tests, the Digit Span test from the Wechsler Adult Intelligence Scale and a focussed attention test, and commenced 45 min after drink consumption. No significant effects were observed between the five drinks on either of the cognitive tests. Tubbs and Tubbs (2011) compared the effects of RB (250 mL) to a placebo drink on manual dexterity using a standardised ninehole peg test. Eighteen volunteers (aged 9-62 years) performed the test before and 30 min after RB (250 ml), and five volunteers (aged 10-69 years) performed the test before and after 250 mL of water. There were no statistically significant benefits identified with RB. Howard and Marczinski (2010) studied the effects of various amounts of RB on a cued go/no-go task, in 80 volunteers aged 18-40 years. A parallel group design was used for five dosing conditions: RB 1.8 mL/kg, RB 3.6 mL/kg, RB 5.4 mL/kg, placebo and no drink. Task performance was assessed prior to and 30 min after drinking began. Compared to placebo, all three doses of RB produced significant improvements in reaction times on the task, the lowest dose producing the greatest improvement. The same pattern was seen for self-rated mental fatigue. A number of studies have evaluated the effects of RB on driving performance. Horne and Reyner (2001) compared RB (500 ml) to a version of the product without caffeine, taurine and glucuronolactone, on the simulated driving performance of 12 sleepdeprived healthy volunteers under 30 years of age (mean 24 years). Driving performance was evaluated in the afternoon on each of the two study days, following restriction of sleep the night before to a maximum of five hours. A baseline 30-minute driving session was completed prior to a 30-minute rest period in which the study drinks were consumed, followed immediately by continuous two-hour driving session. Driving performance was significantly improved by RB for the first 90 min of the two-hour session. A secondary reaction time test was also improved, but only for the first 30 min. Reyner and Horne (2002) used a similar design in 12 healthy volunteers under 30 years (mean age 24 years), but the RB and control drink sizes were reduced to 250 mL. Again driving performance was superior with RB over the first 90 min of the post-drink session. Further, sleepiness as assessed using the Karolinska Sleepiness Scale was significantly reduced by RB over the first 90 min of the session. Mets et al. (2011) studied the effects of RB (250 mL) on prolonged car simulator driving in 24 healthy volunteers aged 21-35 years. Compared to a RB placebo prepared by the manufacturers (without taurine, caffeine, glucuronolactone, inositol and vitamin B complex), RB significantly reduced the impairment in the primary driving parameter over the two hours following consumption, and for the first hour also significantly improved one of the three secondary driving quality outcomes. RB also significantly reduced subjective sleepiness as assessed with the Karolinska Sleepiness Scale over the two-hour period.
Overall, the pattern of cognitive benefits for RB has been most consistent for sustained driving and alertness, with three of the eight studies cited above showing improvements on tests of attention, and one to immediate word recall. The present study was therefore conducted to comprehensively evaluate the profile of cognitive effects of RB across major domains of function. Additionally, in order to evaluate the role played by glucose in such effects, the Sugarfree version of RB was also studied. The primary outcomes were domain scores from the CogTrack system, an online set of tests of major aspects of attention, information processing, working and episodic memory, based closely on tasks which have previously shown sensitivity to detecting cognitive enhancement for a variety of substances, including caffeine and glucose (e.g. Haskell et al., 2005; Scholey and Kennedy, 2004) .
Methods

Design
This was a randomised, double-blind, placebo controlled, threeway cross-over trial in 24 healthy young volunteers. The study was conducted at the NU-Food Research Centre, School of Agriculture, Food and Rural Development, Newcastle University, UK. Approval for the study was given by the Faculty of Science, Agriculture and Engineering Ethics Committee, Newcastle University (approval reference number 15-OKE-111).
Volunteers
Healthy young volunteers were recruited using opportunity sampling from Newcastle University and the surrounding area. The recruited study population comprised 18 females (mean age 22.1 years, standard deviation (SD) 4.2, range 19-32) and six males (mean age 22.8 years, SD 5.34, range 19-33). The population mean (SD) height was 168 cm (7.9), weight 64.2 kg (12.6) and body mass index (BMI) 22.7 (3.6). All volunteers were selfdescribed as healthy non-smokers and were screened to ensure that they were fit to participate and free of food allergies and major psychiatric disorders. The Ethics Committee approved payment for participation which was in the form of 'gift cards'.
Study drinks
The three study drinks were RB (250 ml), RBSF (250 ml) and a placebo (250 ml), the ingredients of each drink are detailed below. RB is known for having a very distinctive taste and appearance, thus when creating the placebo it was essential that the taste of the three drinks was not distinguishable. In order to ensure this, a RB flavouring product was sourced which replicates the taste of RB (http://www.fabulousflavours.co.uk/). To test that the flavouring was effective, a member of the laboratory staff at the site prepared the three study drinks, and four members of staff carried out a blind taste test. All four staff members determined that the products could not be individually identified.
To ensure blinding, the study drinks were prepared each day out of sight of the study staff day by a colleague who did not interact with the participants and played no other role in the study. This colleague held the randomisation code which was not shared until the study testing had been completed and the dataset finalised. Once the drinks were prepared, the study staff collected them, each drink being identified only by a participant number. The appearance of all three study drinks was fully concealed by the drinking apparatus which comprised an opaque black plastic beaker; the drink being consumed via a straw placed through a hole in the lid.
The constituents of the drinks were as follows: 
Cognitive function testing
Cognition was assessed using the CogTrack system, an online set of nine cognitive tests (www.wesnes.com). Prior to the start of each test, all of the required task resources are downloaded within the browser, which ensures that the rates of stimuli presentation and the assessments of the speed and accuracy of each response are managed locally. It is not until the end of each task that the data are returned to the server. Overall, this procedure prevents poor or fluctuating Internet connections from influencing the conduct of each test. The instructions for each task are presented on the computer screen, and remain there until the volunteer initiates the test by pressing the right arrow keyboard key. The stimuli for all tasks are also presented on the screen. The in-task responses are made using the computer keyboard. The nine tasks take around 18 min to perform. The tasks are described below in the order in which they were administered:
• Immediate word recall: A list of 15 words is presented on the screen, at the rate of one word every 2 s, for the volunteer to remember. The volunteer is then given one minute to type all words which can be recalled, in any order, using the computer keyboard. The number of words correctly recalled and the number of words recalled which were not in the list (errors) are recorded. • Pattern separation: In this first stage, a series of 20 pictures of everyday scenes and objects is presented on the screen, at the rate of one picture every 3 s, for the volunteer to remember. The volunteer is instructed that the pictures will all be reshown later mixed with very similar ones. • Simple reaction time: The volunteer is instructed to press the right arrow key on the keyboard as quickly as possible every time a stimulus is presented in the centre of the screen. The stimulus is a 4.5 cm by 3.5 cm image of a right facing arrow containing the word 'YES'. The volunteer is informed that only this stimulus will be presented and that it will remain there until a response is made. Throughout the test the volunteer is required to keep the right index finger resting lightly on the right arrow key. Fifty stimuli are presented with an inter-stimulus interval which varies randomly between 1-3.5 s. The speed of each response is recorded. • Digit vigilance: A target digit from 1-9 is randomly selected and constantly displayed to the right hand side of the screen. Digits are then presented one at a time in the centre of the screen at the rate of 150 per minute. The digits and the target digit are 2 cm wide by 3 cm high. The volunteer is required to press the right arrow key as quickly as possible every time a digit matches the target digit. Again the volunteer is required to keep the right index finger resting on the right arrow keyboard key throughout the task. A total of 450 digits is presented, with 15 target digits in each block of 150 digits. Correct detections, the speed of the detections and responses made in error (false alarms) are recorded. • Choice reaction time: The two possible stimuli in this task are either the right facing arrow used in Simple reaction time, or an equivalently sized left-facing version of the arrow, with the word 'NO' in the middle. On each of 50 successive trials, one of these two stimuli is selected randomly (but with equal probability) and presented in the centre of the screen, remaining there until a response is made. The interval between successive trials varies randomly between 1-3.5 s. The volunteer is required to maintain the left and right index fingers resting lightly on the appropriate keyboard keys and to respond as quickly and accurately as possible. The accuracy and speed of each response is recorded. • Spatial working memory: A 3×3 array of light bulbs is presented on the screen for a 10-second period. Four of the nine light bulbs are lit. The volunteer has to memorise the position of the lit bulbs. There are then 36 subsequent presentations of the 3×3 array, each time with only a single bulb lit. For each presentation the volunteer is required to decide whether or not the lit bulb was one of those lit in the original presentation, pressing the right keyboard arrow if it was, and the left if it was not. The images remain on the screen until a response is made, the volunteer again being required to maintain the index fingers resting on the left and right keyboard arrows, and to respond as quickly and accurately as possible. Over the 36 presentations, each of the nine bulbs is lit on four occasions, the order being randomised, following presentation rules that the two same 'lit positions' should not be presented consecutively; and no more than four target or distractor stimuli should be presented consecutively. The accuracy and speed of each response is recorded. • Numeric working memory: A series of five different digits is presented on the screen at the rate of one every 1.2 s. The volunteer is instructed to hold the digits in memory. This is followed by a series of 30 probe digits, each of which remains on the screen until a response is made. For each stimulus the volunteer has to indicate whether or not it was in the original series, pressing the right keyboard arrow if it was, and the left if it was not, as quickly and accurately as possible. The volunteer again maintains the index fingers resting on the left and right keyboard arrows throughout the task. In the series of 30 probe digits, each of the digits 0-9 is presented three times, in a randomised order, following the presentation rules that the same digit should not be presented consecutively and no more than four target or four distractor stimuli should be presented consecutively. The accuracy and speed of each response is recorded. • Delayed word recall: The volunteer is given one minute to type as many of the words as can be recalled from the list presented earlier, in any order, using the computer keyboard. The number of words correctly recalled and the number of words recalled which were not in the original list (errors) are recorded. • Word recognition: The 15 original words plus 15 distractor words are presented one at a time in a randomised order. For each word the volunteer is required to indicate whether or not it was from the original list of words by pressing the right keyboard arrow if it was, and the left if it was not, as quickly as possible. Each word remains on the screen until a response is made. The volunteer again maintains the index fingers resting on the left and right keyboard arrows. The accuracy and speed of each response is recorded. • Pattern separation: In this second stage the original pictures plus the 20 very similar distractor pictures are presented one at a time in a counterbalanced order. Half of the original pictures are presented prior to the very similar distractor versions, and half afterwards. For each picture the volunteer has to indicate whether or not it was the precise picture shown earlier, pressing the right keyboard arrow if it was, and the left if it was not, as quickly and accurately as possible. Each picture remains on the screen until a response is made. The volunteer again maintains the index fingers resting on the appropriate keyboard arrows throughout the task. The accuracy and speed of each response is recorded.
The outcome measures from the nine CogTrack tasks are presented in Table 1 . Comparable versions of these nine tests with the same outcome measures have been used in other test systems, primarily the CDR system (e.g. Wesnes, 2003; Wesnes et al., 1987 Wesnes et al., , 2000 . The factor structure of the measures from the nine CDR system tasks has been evaluated with principal component analysis (Wesnes et al., 2000) , and composite scores based on this structure have been used repeatedly as outcomes in a variety of studies (e.g. Jones et al., 2012; Kennedy et al., 2002; Scholey and Kennedy, 2004; Wesnes, 2015; Wesnes et al., 2000 Wesnes et al., , 2003 . For the three attention tasks (digit vigilance, simple and choice reaction time), the accuracy scores load together on one factor, and the speed scores on another. The three speed scores are summed to form a score named the attentional intensity index, and the accuracy scores are combined into a score named the sustained attention index. The accuracy scores from the two working memory and four episodic memory tasks are combined to form the memory capacity index. Finally, the speed scores from the numeric working memory, spatial working memory, word recognition and pattern separation tasks load together on a single factor and are combined to create the speed of retrieval index. Each of these four factors combines the same task measures as used in the CDR system to form the factor scores named power of attention, continuity of attention, quality of memory and speed of memory.
Self-ratings of mood and alertness
Caffeine research visual analogue scales (VASs) (Haskell et al., 2005; Rogers et al., 2003) . This questionnaire is designed to capture mood changes associated with caffeine and consists of seven descriptors, 'relaxed', 'alert', 'jittery', 'tired', 'tense', 'headache' and 'overall mood', each followed by a 100 mm horizontal line scale labelled 'not at all' (left-hand end) and 'extremely' (right-hand end), except for the line for overall mood which was labelled 'very bad' and 'very good'. Volunteers were instructed to 'mark the lines according to how you feel right now'. Ratings were scored from 0-100.
Bond-Lader VASs of mood and alertness (Bond and Lader, 1974) . This widely used set of 16 100 mm VASs yields three extensively validated factor scores: alertness, calmness and contentment.
Profile of Mood States (POMS; McNair et al., 1992) . This 65-item self-report questionnaire has been used extensively and yields six validated factor scores named tension, depression, anger, vigour, fatigue and confusion, plus an overall score named total mood disturbance.
Vital signs and blood glucose (BG)
Heart rate and blood pressure were measured using an automated blood pressure monitor (Omron M10-IT, Omron, UK). Capillary BG was measured using a portable BG monitor system (ACCU-CHEK On call-EZ, Roche Ltd, Basel, Switzerland).
Caffeine consumption
To assess the caffeine consumption of the volunteers during the day prior to each laboratory visit, the Caffeine Intake Tool (Bühler et al., 2014) was administered.
Procedure
Once recruited volunteers were screened and gave informed consent. They were required to attend the laboratory at 08:00 on four occasions each separated by seven days. Volunteers were instructed to avoid alcohol for the 24 h prior to arrival, as well as to have fasted and not consumed caffeine since 20:00 the preceding evening. The volunteers were given a standardised breakfast which comprised of 30 g of Kellogg's bran flakes and 80 mL of semi-skimmed milk (all of which had to be consumed). The volunteers also described their consumption of caffeine-containing products during the previous day. The first of these study days was a familiarisation session during which the volunteers performed the CogTrack system on four successive occasions to ensure that any effects of practice, familiarity or test anxiety had been overcome prior to the first study day (Goldberg et al., 2015; Wesnes and Pincock, 2002) . BG samples were taken after each performance of the CogTrack system, and volunteers also completed the Caffeine research VAS, Bond-Lader VAS and POMS on a single occasion. Measurements of height and weight were taken to calculate BMI. During three study days, following breakfast baseline assessments of heart rate, blood pressure, the CogTrack system and the three selfrating scales were undertaken. Volunteers were then given the allocated treatment drink, all of which had to be consumed within five minutes. The same assessment procedures were repeated at 30, 60 and 90 min post consumption of the drink; with the exception of the Bond-Lader VAS and POMS which were only repeated at 90 min post dose. BG was measured on arrival at the laboratory, again after the baseline assessment but prior to the study drink, then 20, 50, 80 and 110 min after the drink was consumed. The order of administration of the three drinks over the three study days was counterbalanced using the six possible sequences from Williams Latin squares.
Statistical analyses
All analyses were conducted using the SAS statistical package Version 9.2. Mixed model repeated measure (MMRM) analyses of variance (ANOVAs) were conducted on the change from baseline data. Study drink (three levels), Time of testing (three levels), Sequence (six levels), and the interaction between Study drink and Time of testing, were fitted as fixed factors. Volunteers were fitted as a random factor. The compound symmetry covariance structure was used. Degrees of freedom were adjusted using the Kenward-Roger approximation. For measures which had significant main effects of treatment and/or interactions, betweencondition comparisons were performed with t-tests using the SAS LSMEANS statement. Cohen's d effect sizes were calculated to identify the magnitude of any differences between the dosing condition identified by the ANOVAs. The effect sizes were calculated by dividing the least squares mean differences by the square root of the residual variance from the MMRM ANOVAs. Cohen's classification of effect sizes was adopted, d=0.2, d=0.5 and d=0.8 being the thresholds for small, medium and large effects respectively (Cohen, 1992) . Further, the baseline scores over the three study conditions for each measure were compared using simple ANOVA to ensure there were no systematic variations over the study conditions. For blood glucose, the same MMRM ANOVA methodology was undertaken, but using the actual scores obtained on the six time points of each study day. In order to determine any relationships between the changes in blood glucose and the cognitive and mood measures, Pearson's r correlation coefficients were calculated.
Results
The study was conducted between November 2015-January 2016, with all 24 volunteers completing the three study days. In order to determine whether the blinding of the drinks had been successful, at the end of each testing day the volunteers were asked to guess which study drink they had consumed. Of the 72 ratings, 20 were 'don't know', 23 identified the correct drink and 29 the incorrect drink. Four of the volunteers correctly identified all three drinks. The blinding procedure had thus been successful.
Caffeine consumption
The caffeine-containing products that the volunteers reported taking on the day before laboratory visits were, in descending order of frequency: coffee, cola-type fizzy drinks, tea and chocolate bars. Only two volunteers reported not taking a caffeinecontaining product, each on only one of the four visits. The mean (SD) number taken was 1.61 (SD 0.77), the range being 0-4. Two volunteers reported taking four, each on a single occasion. None of the volunteers on any study session reported taking either an energy drink or shot on the preceding day.
CogTrack
For one subject, on the baseline of the first study day, an equipment malfunction resulted in an improbably poor score on the Digit vigilance task, with only one of the 45 targets being detected. Over the four sessions of the training day conducted a week before, this subject had detected either 43 or 44 of the targets. As this error occurred pre-dose on the first study dosing day, it was decided to substitute the data for the Digit vigilance task with those from the first training session, which had taken place at the same time of day. No other data substitutions were made. On the final study day, an issue with Internet connectivity resulted in one of the four daily test sessions being unfinished for five volunteers. The missing data which occurred as a consequence are listed below: No other data was lost for the 24 volunteers, and these data were not replaced. Thus from a total of 3456 tasks performed in the study, the data for 22 tasks were missing, plus the score described above which was replaced with a training value. Thus 99.3% of the study data was successfully gathered.
None of the between condition comparisons of the pre-dosing baseline scores for the four composite CogTrack measures approached significance (all p>0.8), and thus the MMRM ANOVAs were conducted as planned.
For the attentional intensity index, there was not a significant main effect of drink, nor of repeated post-drink test sessions, nor an interaction between the two. The same pattern was seen for the sustained attention index. The overall changes from pre-dose values for these two measures are presented in Figure 1 . It can be seen that for the attentional intensity index, performance declined over the post-drink period, these declines being significant for all three drinks (placebo t=2.38, p=0.0186; RBSF t=2.01, p=0.0467; RB t=2.07, p=0.0406) . These declines exceeded small Cohen's d effect sizes (placebo=0.28; RBSF=0.23; RB=0.24). The sustained attention index showed a different pattern, improvements over baseline levels being seen, this improvement being statistically significant for RB (t=2.55, p=0.0129), but not for placebo (t=1.07, p=0.2862) or RBSF (t=0.87, p=0.3877) . This improvement over baseline with RB had a Cohen's d effect size of 0.34, thus exceeding the threshold for a small effect, unlike the other two conditions (both <0.15) . The between condition comparisons of RB to the other two drinks were non-significant (RB to placebo: t=1.17, p=0.2451; RB to RBSF: t=1.33, p=0.1852) .
For the memory capacity index, there was a significant main effect of drink (F(2,178)=4.93, p=0.0083), but no effect of repeated post-drink test sessions nor an interaction between the two. There was also a significant main effect for the speed of retrieval index (F(2,179)=4.92, p=0.0083), but again no effect of repeated postdrink test sessions, nor an interaction between the two. The pattern for memory capacity index in Figure 2 can be seen for notably greater declines to occur over the post-drink period for both placebo and RBSF than with RB. These declines in relation to pre-drink levels were significant both for placebo (t=2.56, p=0.0161) and RBSF (t=2.49, p=0.0192), but not for RB (t=0.38, p=0.7072) . The Cohen's d effect sizes of the declines in placebo and RBSF were 0.56 and 0.54 respectively, with both being medium clinical effect sizes. Between condition comparisons identified that RB was significantly superior both to placebo (t=2.76, p=0.0063) and RBSF (t=2.68, p=0.0081), with close to medium effect sizes (0.47 and 0.45 respectively). As can be seen in Figure 2 , for the retrieval speed index the pattern was for increases in speed following the three drinks. This increase was significant for RB (t=4.02, p=0.0002), but not for either placebo (t=0.35, p=0.728) or RBSF (t=1.46, p=0.1482) . The effect size of the improvement over baseline with RB exceeded a medium effect size (d=0.57). Between condition comparisons revealed the differences to RB to be significant compared both with placebo (t=3.05, p=0.0026, Cohen's d=0.52) and RBSF (t=2.16, p=0.032, Cohen's d=0.37) . There was no difference on this measure between placebo and RBSF (t=0.92, p=0.3581) .
In order to examine the consistency of the effects detected on the four composite factor scores in relation to the various task measures which contribute to them, Table 2 has been produced. It can be seen that the direction of overall benefits for RB over placebo were seen on seven of the eight measures which contribute to the memory capacity index, and all four for the speed of retrieval index. The same general pattern was seen for RB in relation to RBSF for the memory capacity index, and for three of four measures on the speed of retrieval index.
Mood scales
Three of the seven items from the Caffeine research VAS showed significant main effects from the MMRM ANOVAs, but again, no significant changes over the post-drinking test sessions nor interactions. These three items were: 'alert' (F(2,184)=7.87, p=0.0005), 'tired' (F(2,184)=3.4, p=0.0356) and 'jittery' (F(2,184)=5.6, p=0.0044) .
The main effects from three of the Caffeine research scales which showed significant main effects of study drink are presented in Figure 3 . The 'alert' item increased significantly over baseline for all drinks (placebo t=3.32, p=0.0016, d=0.49; RBSF t=3.37, p=0.0014, d=0.49; RB t=7.25, p<0.0001, d=1.06) .
The increase was over twice as large for RB as for the other two drinks, RB producing a significantly greater increase than either placebo (t=3. 46, p=0.0007, d=0.58) or RBSF (t=3.41, p=0.0008, d=0.57) . For the VAS item 'tired', significant decreases over baseline were seen both for RB (t=4.94, p<0.0001, d=0.63) and RBSF (t=4.31, p<0.0001, d=0.55) , with a small non-significant decrease the placebo drink (t=1. 73, p=0.0873, d=0.22) . Between condition comparisons identified RB to show a significantly larger decrease than placebo (t=2.46, p=0.015, d=0.41) , and for RBSF to show a significantly larger decrease than placebo (t=1.98, p=0.0493, d=0.33 ). For the VAS item 'jittery', large and significant increases over baseline were seen both for RB (t=3.69, p=0.0012, d=0.97) and RBSF (t=3.55, p=0.0016, d=0.93) , a trend for an increase being seen with the placebo drink (t=1. 78, p=0.0873, d=0.47) . Between-condition comparisons identified RB to show a larger increase then placebo (t=3.0, p=0.0031, d=0.5), as did RBSF (t=2.78, p=0.0060, d=0.47) .
No significant effects were seen on either the Bond-Lader scale or POMS, which were administered prior to the study drink and again at the end of the 90-minute testing session.
BG
BG did not show a significant main effect of drink (F(2,389)=2.59, p=0.076), but did show a significant interaction decline over the post-drink assessments (F(3,389)=124.86, p<0.0001) as well as an interaction between drink type and the assessment time (F(10,389)=2.25, p=0.0148) . The BG levels are presented in Figure 4 , showing the sharp increase following breakfast, followed by a decline thereafter in all conditions. The basis for the interaction was clearly the smaller decline in BG 20 min after consuming RB compared to that following both RBSF (t=4.08,  p<0.0001, d=1.19) and placebo (t=4.17, p<0.0001, d=1.22) .
The BG levels on arrival overlapped over the three study conditions, implying consistent adherence to the fasting requirement.
To further support this, the mean (SD) BG levels (mmol/L) on arrival on the training day and also the three subsequent study days were as follows: Training day, 5.10 (0.40); Day 1, 5.05 (0.30); Day 2, 5.06 (0.29); Day 3, 5.12 (0.33).
Vital signs
Heart rate showed a trend for a main effect between the three drinks (F(2,181)=2.39, p=0.0941), a significant main effect of visit (F(2,180)=4.75, p=0.0097) but no interaction between the two. From Figure 5 it can be seen that heart rate of volunteers dropped in all conditions post-dosing, with all three declines being significant (placebo t=4.02, p=0.0003, d=0.7; RBSF t=2.46, p=0.0189, d=0.43; RB t=4.39, p<0.0001, d=0.78) . The smaller decline following RBSF was significant compared with RB (t=2.07, p=0.0401, d=0.35) but not placebo (t=1.64, p=0.103, d=0.27) . Systolic blood pressure showed a trend for a main effect of study drink (F(2,183)=2.99, p=0.0527), but no changes over time nor an interaction. The pattern was for a small and non-significant increase following placebo (t=1.27, p=0.2125, d=0.22 ) and significant increases both for RBSF (t=2.8, p=0.008, d=0.48) and RB (t=3.6, p=0.0009, d=0.62) . The increase with RB was significantly greater than that with placebo (t=2.41, p=0.0172, d=0.4) , no other comparisons were significant.
Diastolic blood pressure showed a highly significant main effect of study drink (F(2,181)=8.18 p=0.0004), but no changes over time nor an interaction. The pattern for this measure was for a small and non-significant increase following RB (t=1.52, p=0.136, d=0.24 ) with significant increases both for RBSF (t=5.5, p<0.0001, d=0.89) and placebo (t=4.72, p<0.0001, d=0.75). Compared to RB, the greater increases in diastolic blood pressure were significant for both RBSF (t=3.83, p=0.0002, d=0.64) and placebo (t=3.04, p=0.0027, d=0.51) .
BG, mood and cognitive function
Over the post-dosing assessments following RB administration, there were no significant correlations between the changes in BG and any of the mood or performance measures. Following RBSF, only tiredness correlated with the drop in BG (r=−0.32, p=0.0088). However, following the placebo drink the drops in BG correlated with the Caffeine VAS items 'alert ' (r=0.35, p=0.0029) and 'tired' (r=−0.4, p=0.0004) , and three of the four performance indices: attentional intensity index (r=−0.26, p=0.029), sustained attention index (r=0.28, p=0.0193), and memory capacity index (r=0.31, p=0.0086); but not the retrieval speed index (r=−0.02, p=0.8701).
Discussion
The major finding from this study was the that RB had positive effects upon memory performance in healthy young volunteers. These effects occurred during a 90-minute testing session which began 30 min following the drink. The memory capacity index, a measure representing the combined accuracy scores from two working memory and four episodic memory tasks was significantly superior following RB compared both to a placebo drink and RBSF. Further, the retrieval speed index, a measure of the speed of information retrieval from the two working memory tasks and the two episodic recognition tasks also showed significant beneficial effects of RB compared to RBSF and placebo. These comprehensive improvements, reflecting both the accuracy and speed of performance in the working and episodic memory tasks, were also of a magnitude which can be considered clinically relevant. The Cohen's d effect size of the improvement of RB over placebo was 0.47 for memory capacity index and 0.52 for the retrieval speed index, which puts them in the range of clinically meaningful differences for neuropsychological measures (Harvey, 2012) .
The absence of any noticeable difference in the memory capacity index between RBSF and placebo does suggest that the positive effects of RB are related to the glucose content of the product. Such an effect is consistent with previous research on the effects of glucose on memory at the levels seen in RB. Smith et al., (2011: 781) in their comprehensive review of the 'glucose memory facilitation effect' concluded that:
In summary, the ingestion of oral glucose is known to enhance cognitive performance under specific conditions. Glucose has been most reliably associated with the modulation of verbal episodic memory. In healthy young adults and adolescents, encoding of memory materials under conditions of increased cognitive demand appears to be critical.
It is reasonable to propose that the present study which involved the administration of six memory tests every 30 min over a 90-minute period fulfilled the criterion of increased mental demand. In considering the potential mechanisms underlying these effects, Smith et al. (2011: 781) concluded: 'The most robust of these theories in terms of empirical evidence is the hypothesis that glucose enhances memory via its effects on ACh synthesis'. Riby (2004) in a meta-analysis of 104 studies of the effects of glucose on cognitive function, identified that, in younger adults, tests of verbal episodic, visuospatial episodic and working memory showed highly significant overall benefits of glucose, whereas no significant effects were seen for other task groups including attention, executive, motor, implicit memory and semantic retrieval. Further, the optimum dose for improving memory was 25 g, with smaller benefits at the higher doses studied, most commonly 50 g. Although significant correlation in the placebo condition between the decline in the memory capacity index and the falling blood glucose levels does link blood glucose to this measure of memory, the absence of any such correlation in the RBSF condition argues against glucose as being the sole basis for this effect, and suggests that some form of interaction between glucose and the various other constituents of RB could be the basis for the beneficial effect of the product seen in the present study. Scholey and Kennedy (2004) , in a similarly designed study in young volunteers, used the CDR system to compare the effects of placebo, glucose 37.5 g, caffeine 75 mg, and the combination of these doses of glucose and caffeine. On the quality of memory score, upon which the memory capacity index is based, it was identified that the combination significantly outperformed the other conditions, with no benefits of either caffeine or glucose alone being detected. Adan and Serra-Grabulosa (2010) conducted a similarly designed study with glucose 75 g and caffeine 80 mg, and found the combination to significantly outperform both the individual doses as well as placebo on the Rey Auditory Verbal Learning task, and as with Scholey and Kennedy (2004) , found no benefits with the individual doses of glucose and caffeine. These findings further caution against attributing the benefits of RB on memory in the present study solely to the glucose content of the product. Also it must be borne in mind that in the RB condition, plasma glucose was only higher at the start of the first of the three testing sessions.
In terms of the self-ratings of mood states, RB produced significant increases in 'alertness' compared with placebo and RBSF, in both cases these were of medium to large effect sizes. In a previous study which used the same questionnaire to study the effects of caffeine alone (75 mg and 150 mg) in regular caffeine consumers, no significant increase in 'alertness' was identified (Haskell et al., 2005) . This suggests that caffeine alone may not be sufficient to increase 'alertness'. However, Haskell et al. (2005) found the VAS item 'tired' to be significantly decreased by both doses of caffeine, which is consistent with the reductions in this item seen with RB and RBSF compared to placebo in the present study, and points to this reduction being related to the caffeine content of the drinks. The same appears to be the case for the VAS item 'jittery', both RB and RBSF increased the rating of this item over placebo, which again is consistent with previous work with caffeine (Haskell et al., 2005; Rogers et al., 2003) . This pattern suggests that glucose, possibly together with caffeine, improves alertness with RB, whereas caffeine primarily reduces 'tiredness'.
As described in the Introduction, some but by no means all of the previous studies with RB have found aspects of attention to be improved by the product. In the present study there was some suggestion of a positive effect of RB on sustained attention, but this was not a robust effect and the overall effects of RB on attention remain to be firmly demonstrated. The tests employed in this study when used in comparably designed and powered studies have shown them to be sensitive to the positive attentional effects of a variety of substances including caffeine (75 mg; Haskell et al., 2005) , glucose (25 g; Jones et al., 2012) and a combination of glucose (37.5 g) and caffeine (75 mg; Scholey and Kennedy, 2004) . This suggests that test sensitivity and sample size are not the reasons for the absence of effects of RB on attention in the present study. Giles et al. (2012) identified that taurine (2000 mg) impaired speed on a choice reaction time task. Peacock et al. (2013) found a trend towards impaired performance in a stimulus degradation task when taurine (1000 mg) was co-administered with caffeine (80 mg), compared with caffeine alone. This suggests that taurine may to some extent counteract the effects of caffeine, which could be related to the absence of attentional benefits of RB in the present study.
Weaknesses of the study include not obtaining information from the volunteers about their general energy drink and caffeine consumption (beyond the previous day of each study visit), as well as not taking salivary caffeine samples on arrival at the laboratory to check compliance with caffeine abstinence. From the caffeine intake reports the day prior to each session, it was evident that all subjects were caffeine consumers. Further, as the highest consumption reported was consuming four caffeine-containing items, which only occurred on two of 96 possible occasions, this implies that the volunteers were not heavy caffeine users. Finally, as none reported taking either an energy drink or shot on any of the days previous to the testing days, it would appear that the volunteers were not regular users of such products.
Conclusions
In conclusion this study has shown that RB produces marked and highly significant improvements to the accuracy and speed of working and episodic memory which were not seen with RBSF or placebo. RB also improved self-ratings of alertness, while both RB and RBSF reduced tiredness. There were no clear effects of RB or RBSF in the measures of attention. Although the beneficial effects of RB on memory are consistent with previous effects seen with the same general amount of glucose in healthy young volunteers, it should be noted that the plasma glucose levels were only higher during the first of the three post-drink test sessions. Further, it must be borne in mind that the memory benefits could result from an interaction between glucose and the other constituents of RB, as opposed to an effect of glucose alone.
